To investigate the structural properties of biological tissues and porous media, mainly the sizes and shapes of the cells or pores are of interest and not their positions. Regarding the achievable resolution, besides the required gradient strength, the main limiting factor for conventional NMR imaging is the remaining signal-to-noise ratio (SNR). NMR diffusion measurements can overcome this limitation by using the signal from a larger sample volume yielding information averaged over all contained cells or pores 3, 4, [7] [8] [9] .
In NMR diffusion measurements 10 , to detect the Brownian motion of diffusing spins, the static magnetic field 0 B is modified by a field gradient profile ) (t G To gain information about diffusion restrictions, a particularly useful technique is q-space imaging 4, 11, 12 . Here, two short gradient pulses of duration  are applied at and V is the volume where the pore is located. Thus, in analogy to diffraction experiments, the magnitude can be observed but the inverse FT cannot be performed due to the missing phase information.
Our approach 6 , which we demonstrate experimentally here, uses a combination of a long and a short gradient pulse (Fig. 1a , gradient shape 1) resulting in the gradient profile
[2] 
. [3] Thus, the phase information is preserved and the inverse FT can be performed to obtain the pore shape. The long gradient results in the factor CM x q i e , which shifts the center of mass of all pores to a common point, while the short gradient acts as an imaging gradient. Consequently, in a medium with many similar pores, all pores contribute to one reconstructed image and an average pore space function can be measured at a higher SNR compared to conventional NMR imaging.
The actual temporal shape of the gradient pulses is not of essential importance, as long as one short and at least one long gradient pulse are present 13 . This allows using a spin echo sequence to compensate for the signal loss due to local field inhomogeneities (Fig. 1a, gradient shape 2). To demonstrate the influence of the gradient shape on the measured signal, for the experiments presented here, additionally to gradient shape 2, the modified gradient shapes 3 and 4 were used.
Experiments were performed using gas filled phantoms containing parallel plates and triangular shaped pores (Fig. 1b) . Using gas diffusion is advantageous for the experimental demonstration compared to water diffusion since the diffusion coefficient is several orders of magnitude higher (see Methods) and thus the long-time limit can be reached in pores on the millimeter scale, which are easy to realize in phantoms. Despite the high diffusion coefficient, the maximum gradient amplitude of a clinical MR scanner was sufficient. Due to the low NMR signal of thermally polarized gases, hyperpolarized 129 Xe gas was used, which was generated by spin exchange optical pumping (SEOP) [15] [16] [17] . For technical reasons 15 , a mixture of helium, nitrogen and xenon gas was used, which was transferred continuously flowing to a pumping cell, where it was mixed with rubidium vapor (Fig. 1c) . By laser optical pumping, an electronspin polarization of the rubidium atoms was achieved, which was transferred to the xenon nuclear spins by spin exchange collisions. The hyperpolarized gas was then used for the phantom measurements in the MR scanner. Figure 2 shows the signal acquired using one gradient direction (gradient shape 3 in Fig. 1a) orthogonal to parallel plates as well as the inverse FT for different durations 1
 of the long gradients. The measured signal and its FT (dots) are in good agreement with the simulation of the diffusion process (sold lines), where the Bloch-Torrey equation was solved numerically using a matrix approach 5, 18 . Due to the symmetry of the slits, the imaginary part of the signal is zero 13, 19, 20 . However, contrary to q-space imaging, the negative signal values allow the reconstruction of the pore space function. The measurements of equilateral triangular pores in Fig. 4 exhibit good agreement with the simulations. As this domain is not point-symmetric 13, 20 , non-zero imaginary parts can be observed for the vertical gradient direction (arrows). Thus, the full phase information is obtained, which is needed to reconstruct arbitrary pores shapes. The saw-tooth shaped FT in Fig.   4a corresponds to the expected projection of the pore on the gradient direction. The need to use a long-narrow gradient scheme is demonstrated in Fig. 4b,c . If the long-narrow requirement is violated, the information about the pore shape is gradually lost. For the horizontal gradient direction (Fig. 4d) , the signal is real due to the symmetry plane orthogonal to the gradient vector.
In ence of the gradient shapes can be seen in Fig. 5c , resulting in small differences of the measured signals, which can be reproduced remarkably well by the simulation of the diffusion process. Consequently, the gradient shape can be optimized for applications. For example, gradient shape 3 could be used to reduce imaging artifacts caused by concomitant magnetic fields 22 .
In conclusion, we have demonstrated experimentally that the proposed new form of diffusion based magnetic resonance imaging can reveal the average shape of arbitrary closed pores in a volume with many pores, which mainly overcomes the SNR limitation of conventional NMR imaging 23 . Regarding practical applications, namely to image cells, several complications would have to be addressed as the high required gradient amplitudes, phase stability, relaxa-tion time requirements, permeability and size distributions. Several limitations were discussed in detail recently 13 .
Diffusion pore imaging is currently a quickly evolving field of research, which is now in the stage of first experimental verifications. Very recently, for cylindrical capillaries and the longnarrow gradient scheme, initial pore images with micron resolution were presented 24 . A different approach to diffusion pore imaging 25 , which however requires the pore to be pointsymmetric 20 , was demonstrated by application to capillaries. For point-symmetric domains, pore imaging techniques rely on the sign of ) ( q  , but the imaginary part vanishes. Our results show the possibility to acquire the phase information of ) ( q  and verify experimentally that arbitrary non point-symmetric pores can be imaged without relying on assumptions, which is desirable for practical applications on the microscopic scale. Besides imaging of porous media such as oil containing rocks or cement, gaining information about cells in biological tissues, thus e.g. retrieving parameters usually derived from histology as tumor cellularity or axon integrity could be an eventual aim.
Methods

Experimental setup
To generate the hyperpolarized gas, a mixture containing 0.95 % xenon gas and the buffer gases helium and nitrogen was used. The xenon gas contained the NMR visible isotope 129 Xe ) 2 1 (  I in natural abundance. In the optical pumping cell placed in an external magnetic field , H B rubidium vapor was generated by external heating (Fig. 1c) . Circularly polarized laser light was provided by a Coherent FAP Duo Laser (60 W, 795 nm) in combination with a polarizing beam splitter and quarter wave plates and was used to selectively populate an electron-spin state 15 . The gas mixture was polarized continuously flowing through the pumping cell at 2 bar absolute pressure, which was reduced to atmospheric pressure by a nonmagnetic valve after passing through the cell. The gas was transferred at a small constant flow (ap- Gradient shape 3 Gradient shape 4
Schematic representation of the diffusion weighting gradient profiles and of the experimental setup. a, The long-narrow gradient scheme (shape 1) uses a long diffusion weighting gradient to generate a phase proportional to the pore center of mass and a short imaging gradient. Additionally to the 90° excitation pulse, a 180° refocusing pulse (duration 2.6 ms) can be used to realize a spin-echo sequence (shape 2). The gradient timing can be modified ). All triangular pores in the phantom contribute to one image and thus the SNR limitation of conventional NMR imaging is lifted. b, Pore images can also be acquired using gradient shape 3.
c, The choice of the gradient shape has a small influence on the signal, which can be reproduced by the simulations.
